The contemporary geographic distribution and interrelation of populations result from landscape structure, habitat specificity, and historical climate fluctuations. We examined the impact of Pleistocene environmental history on mitochondrial genealogies of the water shrew (Sorex palustris) in montane systems of western North America to test hypotheses concerning historical recolonization. Our main focus lies on the regional scale of the Pacific Northwest and the extent to which disjunct populations are associated with discrete, isolated mountains. We analyzed 87 specimens from the entire western portion of the species range to assess broadscale genealogical relationships. We then examined 61 individuals selected from 21 specific high-elevation sites in the Pacific Northwest to test whether these populations are structured in accord with distinct montane regions. Across western North America in general the relationship among S. palustris lineages is unresolved, suggesting a recent and rapid radiation from a common ancestral population. In the Pacific Northwest we found evidence of clades that are uniquely associated with individually isolated montane regions, clades that are distributed across several montane regions, and distinct clades that co-occur within the same montane region. We conclude that populations of S. palustris in western North America are derived from a single, southern, late-Pleistocene refugium. We also suggest that lineages shifted geographically by following the most northerly postglacial expansion of the boreal forest system.
Habitat specificity and connectivity of populations play a strong role in determining the structure and evolution of populations (Waples and Gaggiotti 2006; Wright 1931) . Populations can become isolated due to vicariant events that fragment formerly continuous habitat or due to dispersal into isolated habitat patches. When populations become isolated, founding groups carry the genetic signature of the source population with which they were once associated. Allopatric populations are expected to diverge through processes such as genetic drift and selection (Wright 1931) . Islands and their analogs, such as mountains, can provide isolated habitat refuges (Brown 1971; Lomolino et al. 1989; MacArthur and Wilson 1967) . The presence of geographic barriers and the distribution of favorable habitat provide opportunities for investigators to pose questions concerning the evolution of populations (Avise 2000; Manel et al. 2003) . However, to fully understand what accounts for the structure of contemporary populations, one also must understand the biotic and abiotic history that has contributed to contemporary spatial patterns of genetic variation.
Pleistocene geoclimatic cycles have made an impact on the distribution of biotic communities in North America (Pielou 1992) . During the repeated glaciations ice sheets intermittently covered great portions of northern North America, forcing the spatial shift of the boreal forest and other biomes to ice-free refugia. Therefore, these geoclimatic events have influenced the historical and contemporary distributions of molecular variation within and among populations across the range of species (Demboski and Cook 2001; Hewitt 1996; Riddle 1996) . Following glacial recession, biotic communities moved out of refugia, tracked the shifting environment, and became redistributed in latitude or altitude. Hence, in some instances, mountains became refugia and acted as ''sky islands'' that isolated populations. Postglacial colonization hypotheses have been developed to explain observed patterns of geographic distribution among taxa; these include the single-refugium and multiple-refugia models (Brunsfeld et al. 2001; Soltis et al. 1997) . A growing body of literature has demonstrated the impact of glacial and interglacial periods on the history and w w w . m a m m a l o g y . o r g relationships of populations and closely related species in Eurasia, North America, and South America (Brunsfeld et al. 2001; Hewitt 1996; Himes et al. 2008; Smith et al. 2001) .
We examined population responses of the northern water shrew (Sorex palustris) to Pleistocene geoclimatic events within western North America, particularly in regard to the montane systems of the Pacific Northwest. The northern water shrew occurs in the boreal forest biome over northern North America (Whittaker et al. 2008 ; Fig. 1 ) and extends southward into the Cascades, Sierra Nevada, Rockies, and Appalachian mountain ranges . On a regional scale within the Pacific Northwest, water shrews are found at disjunct high-elevation sites in the major mountain zones of Washington and Oregon Dalquest 1948; Verts and Carraway 1998; Fig. 2 ). This species is highly specialized toward a semiaquatic lifestyle and thus is found in freshwater habitats . It is the smallest diving mammal and possesses an assortment of morphological and physiological adaptations associated with year-round aquatic foraging (Catania et al. 2008; van Zyll de Jong 1983) . Until recently S. palustris was recognized as a single species across North America based on morphological data (Hall 1981) . Recent molecular work on this species has demonstrated a complex evolutionary history and phylogenetic relationships within Sorex. Water shrews are part of the Sorex monticolus complex and were considered to be sister to Sorex bendirii (Demboski and Cook 2001) . Across North America S. palustris may consist of 2 distinct species, composed of eastern and western monophyletic groups isolated by the Rocky Mountains Fig. 1) The western clade shows a closer phylogenetic relationship to S. bendirii . Additionally, Shafer and Stewart (2007) suggest that western water shrews may be more closely related to western lineages of S. monticolus than to eastern water shrews, further separating the phylogenetic relationships of eastern and western forms of S. palustris. Pleistocene fossil records for S. palustris lie south of its contemporary range and at lower elevations, which indicates a historical south-to-north shift of geographic range since the last glaciation  Fig. 1 ). The knowledge of fossil sites for S. palustris enables the partial reconstruction of historic refugia; thus we can generate testable hypotheses concerning the location of ancestral populations, the direction of population expansion, and patterns of colonization.
Despite its potential for addressing both ecological and evolutionary processes, the specific history of the western water shrews of the S. palustris complex (Appendix I) has not been investigated. We are particularly interested in testing whether contemporary populations recently expanded out of 1 or more Pleistocene refugia. Additionally, we explore the recolonization of the Pacific Northwest and the genetic structure of lineages distributed across the mountain systems of this region. Our summary of fossil specimens of S. palustris (Appendix II) shows that ancestral populations persisted in a southern refugium, likely in locations where the contemporary range overlaps with fossils ( Fig. 1, fossil sites F1-F5 ). We hypothesize that contemporary populations resulted from recent ancestors that dispersed to the north as they tracked northward-expanding habitat. Additionally, we hypothesize that mitochondrial lineages of S. palustris in the Pacific Northwest are distributed in association with 6 discrete montane regions in Washington and Oregon (Fig. 2 , regions A-F). We predicted that the lineages should be structured in accord with each montane zone according to potentially discrete and allopatric phylogroups. By synthesizing these analyses we are able to reveal the influence of environmental history and geographic structure on the changing distribution of habitat and the evolution of water shrew populations in the montane systems of western North America.
MATERIALS AND METHODS
Sampling.-We collected 71 specimens from 21 localities in British Columbia, Canada, Washington, and Oregon, following guidelines established by the American Society of Mammalogists (Gannon et al. 2007 ) and deposited them in the Burke Museum (UWBM; Appendix I). Liver or kidney tissues were excised and stored at 280uC. Sampling was focused in highaltitude river systems in the following montane regions ( Fig. 2 ; Appendix I): Olympic Mountains (region A, sites 1-4), Washington Cascades (region B, sites 6-8 and 13-15), Oregon Cascades (region C, sites 18 and 20), northeastern Washington (region D, sites 9-12), Blue Mountains (region E, sites 17 and 19), and Steens Mountain (region F, site 21). For the analysis of the full western distribution of S. palustris we compiled 16 additional sequences from GenBank to supplement our own samples of S. palustris (Appendix I).
Laboratory.-We extracted whole genomic DNA from collected tissue samples using the DNeasy Tissue Kit (QIAGEN, Valencia, California). We amplified 2 portions of the mitochondrial genome, the 1st domain of the control region (CR) and cytochrome b (Cytb) using polymerase chain reaction with the primer combination TDKD (59-CCTGAAG-TAGGAACCAGATG-39- Kocher et al. 1993 ) and LCNTL (59-CACYWTYAACWCCCAAAGCT-39-Bidlack and Cook 2001) for CR, and L14724 (59-CGAAGCTTGATAT-GAAAAACCATCGTTG-39) and H15915 (59-AACTG-CAGTCATCTCCGGTTTACAAGAC-39- Irwin et al. 1991) for Cytb. Polymerase chain reactions were run in a total volume of 10 ml or 25 ml, for Cytb and CR, respectively. Each reaction contained 1 3 PCR buffer, 2.0 mM MgCl 2 , 0.2 mM of each deoxynucleoside triphosphate, 10.0 mM of each primer, and Jump-Start Taq DNA polymerase (Sigma, St. Louis, Missouri). For amplification we used 1-2 ml of genomic DNA for CR and 1 ml for Cytb. Polymerase chain reaction reactions were carried out in a GeneAmp PCR System 9700 thermocycler (Applied Biosystems, Foster City, California). The cycle conditions for CR were: 94uC for 3 min; 35 cycles of 94uC for 10 s, 50uC for 15 s, and 72uC for 30 s; and 72uC for 3 min. For Cytb conditions were 94uC for 3 min; 30 cycles of 94uC for 40 s, 50uC for 40 s, and 72uC for 1 min; and 72uC for 5 min. All reactions included a negative control to check for contamination.
Prior to sequencing we diluted polymerase chain reaction products by mixing them with double-distilled water. Cycle sequencing reactions for each sample were performed in forward and reverse directions with their polymerase chain reaction primers. For Cytb sequencing we used the following internal primers: MBO3L (59-TTACAAACCTACTATCAG-CAATCCC-39), MBO4L (59-CCCGAATGATATTTCCTAT-TTGCCTATG-39), and MBO6H (59-GTGTAGTAGGGGTG-GAATG-39-O' Neill et al. 2005) ; and CMH1H (59-CAC-CATTTGCATGAAGATAACG-39 (designed using the online primer identification program, Primer3-Rozen and Skaletsky 2000). Each primer was run separately, in a total volume of 10 ml using Big Dye Terminator Cycle Sequencing Ready Reaction Mix version 3.1 (Applied Biosystems), and then visualized on an ABI 3100 sequencer (Applied Biosystems). Sequences were edited and aligned using Sequencher 4.2 (Gene Codes Corp., Ann Arbor, Michigan) resulting in 366 base pairs (bp) for CR across 61 specimens and 1,140 bp for Cytb in 71 specimens. The 1st domain of the CR contained variable numbers of a repeated sequence, with each repeat unit measuring 79 bp in length. This region was excised from the sequence alignment due to ambiguity in aligning across individuals. All sequences were deposited in GenBank (accession numbers Cytb: EU856397-EU856457, GU190746-GU190755; CR: EU856458-EU856518).
Phylogenetic analyses.-The model of DNA evolution for the Cytb data set was determined using a hierarchical FIG. 1.-Geographic range map of the northern water shrew (Sorex palustris) in North America. Gray shaded area represents contemporary distribution (Whittaker et al. 2008) . The large unshaded space between eastern and western portions of the range corresponds to the separation between eastern and western clades of S. palustris and is consistent with the genealogical break indentified by O'Neill et al. (2005) . Letters indicate sample localities for S. palustris used in this study (Appendix I). Sites numbers prefaced with ''F'' indicate Pleistocene fossil localities (Appendix II).
likelihood ratio test implemented with MODELTEST 3.7 (Posada and Crandall 1998) and PAUP* 4.0b10 (Swofford 2002 ). The evolutionary model selected was the Hasegawa-KishinoYano model (Hasegawa et al. 1985 ) with a gamma distribution (C) of rate heterogeneity; the estimated parameters were transition/transversions (t i /t v ) ratio 5 8.3789 and C-shape parameter (a) 5 0.1454. The phylogenetic relationships among the 87 Cytb sequences were reconstructed using MRBAYES 3.1.2 (Ronquist and Huelsenbeck 2003) with the estimated parameters determined by MODELTEST used as priors. We conducted the Bayesian analysis by employing 2 runs with 4 chains for 5 million generations, sampling every 1,000 generations, with a burn-in of 50,000. We used the split frequency index to determine when the independent runs converged and therefore the end of the analyses. We also conducted a maximum-likelihood analysis with the same model and estimated parameters using PhyMl (Guindon and Gascuel 2003) . Nodal support was identified using Bayesian posterior probabilities and maximum-likelihood bootstrap analysis with 500 replicates as provided by MrBayes and PhyMl, respectively. The phylogeny was rooted with sequences derived from Sorex vagrans (AF154551) and S. ornatus (AF238035). These species lie outside of the S. monticolus complex, including water shrews, while maintaining a close relationship to the ingroup (Demboski and Cook 2001; Fumagalli et al. 1999; O'Neill et al. 2005) .
To examine the history and structure of mitochondrial lineages across the montane zones of the Pacific Northwest we combined the Cytb and CR data sets (Appendix II; Fig. 2 ). The resulting partitioned data set resulted in a total of 61 specimens with 1,506 base pairs. We assessed the model of DNA evolution for the CR matrix independently using the hierarchical likelihood ratio test as described above. The model that best fit the CR data was the Hasegawa-KishinoYano model with a fraction of invariable sites (I) and a C distribution of rate heterogeneity. The estimated parameters were I 5 0.5769, gamma shape parameter (a) 5 0.6585, and t i /t v ratio 5 6.9346. Phylogenetic relationships among haplotypes were reconstructed using Bayesian and maximum-likelihood methods. Bayesian analysis was performed under similar conditions as with the Cytb data set, with the exception that the concatenated data set was partitioned. This allowed the incorporation of the independent models of evolution and estimation of parameters for each locus. The analysis was run for 5 million generations, sampling every 1,000 generations with a burn-in of 50,000 generations. The maximum-likelihood analysis was conducted using the Hasegawa-Kishino-Yano model, but we allowed PhyMl to estimate the gamma shape parameter and the fraction of invariable sites.
Molecular diversity and structure.-We grouped the Pacific Northwest populations based on the montane regions from which they were sampled. For these a priori populations we assessed diversity indices for each locus independently and then examined the combined Cytb and CR data set using the program Arlequin 2.001 (Schneider et al. 2000) . To test the influence of montane regions on the structure of lineages across these regions we computed Wright's F ST (Wright 1931) as an indicator of population differentiation. The significance of the fixation indices was tested using a nonparametric permutation approach. We also determined the average pairwise distance and standard errors between geographic populations using the Maximum Composite Likelihood model through MEGA version 4 (Tamura et al. 2007 ). The standard error was computed by bootstrapping with 500 replicates. Lastly, we tested for demographic expansion by performing Fu's F S test of neutrality (Fu 1997 ). This analysis is based on an infinite-sites model without recombination and evaluates the probability of observing a random neutral sample with a number of alleles that is equal to or smaller than the observed number of alleles. When the F S statistic is large and negative, one can infer demographic expansion.
Review of fossil records.-We conducted a review of fossils of S. palustris in North America. We used Web of Science (http://apps.isiknowledge.com) and the search terms ''Sorex palustris,'' ''Pleistocene,'' and ''fossil.'' From these publications we recorded the location, formation name, and references for each fossil record (Appendix II). 
RESULTS
Across western continental North America our genealogical analyses of Cytb data at 16 localities revealed a shallow gene tree with general relationships among the western lineages of S. palustris that appear to be unresolved ( Fig. 3; Appendix I ). The pattern of this gene tree further suggests broad diversification among clades and lineages. A single large clade encompasses haplotypes sampled from the Northern Rockies and Northern Cascades (Canada and Washington) extending all the way down into Oregon (Fig. 1, sites D, E, F , H, I, K, and L). Within this monophyletic group independent subclades are apparent and each is associated with a geographic site within the Washington Cascades (sites H, K, and L). Additional monophyletic groupings include 2 clades associated with Vancouver Island (site G) and the Olympic Peninsula (site J), and finally the Oregon Cascades. In several cases haplotypes from the same sample locality appeared in different parts of the phylogeny. For example, haplotypes from locality H reflect this scenario, and they appear in 4 wellsupported clades.
To illuminate our specific focus on the role of montane isolation in the potential genetic partitioning of S. palustris within the Pacific Northwest, we used geographically more intense sampling and a larger, partitioned mitochondrial sequence data set to analyze patterns in the 6 major montane regions (A-F) identified in Fig. 2 . Our partitioned Bayesian analysis identified 7 clades, 3 of which support our montane isolation hypothesis (Fig. 4) . Similar to the Cytb genealogy (Fig. 3) , the Pacific Northwest clades represented in our more extensive analysis (Fig. 4) arise from a single polytomy, with subsequent diversification and geographic structuring within each clade. The clade containing the most specimens (n 5 20) also is distributed across the greatest geographic expanse, which includes the northeastern highlands and the Cascades of Washington and Oregon (Fig. 2, 
regions B, C, and D). This clade geographically approximates the Northern Rockies and Cascades clade identified in Fig 3. The basal divisions within this B-C-D clade involve lineages derived from northwestern
Washington (region D, sites 9, 10, and 12). The remainder of the Northern clade consists of lineages from British Columbia, the Washington Cascades (region B), and the Oregon Cascades (region C). The Olympics (region A), Blues (region E), and finally Steens Mountain (region F) are represented by 3 separate monophyletic groups, each of which forms a unique geographic population, although Steens Mountain has only modest support. Several distinct clades within the Washington and Oregon Cascades are not geographically discrete and overlap geographically, specifically at localities B8, B16, and B18.
Molecular diversity.-For each independent locus and the combined Cytb and CR data set the haplotype diversity was comparable and high within each of the six montane regions (Table 1) . Nucleotide diversity showed a great range of variation within each population for each data set. The relationship between nucleotide diversity and haplotype diversity suggests that even for relatively low values of nucleotide diversity the probability of observing a novel haplotype is equally likely for all the populations. The CR sequence data set contained higher nucleotide diversity indices than the Cytb data set across all populations. Tests of population structure in the Pacific Northwest revealed a range of significant fixation indices (Table 2) ; the lowest value was between Washington Cascades (region B) and northeastern Washington (region D; F ST 5 0.10). The most extreme fixation measure (F ST 5 0.81) was between the Olympic (region A) and Blue (region E) mountains. Further, the Olympic Mountains have the highest degree of genetic distance in each pairwise comparison with any other population, and the Blue Mountains population demonstrates the lowest distances with any category (Table 2 ). Tests of demographic expansion revealed significant and negative values for the Blue Mountains (F S 5 27.14), Olympic Mountains (26.73), and Washington Cascades (27.87). The remaining populations did not deviate significantly from neutrality.
Review of fossil records.-Our literature review found 19 sites where Pleistocene fossils of S. palustris have been identified (Appendix II; Fig. 1, sites F1-F19 ). The majority of the formations are outside the current species range (sites F6-F17). Five fossil sites (F1-F5) fall within the contemporary range. Site F1 is geographically proximate to the southernmost contemporary specimen of S. palustris (site P) included in this study.
DISCUSSION
The geographically expansive S. palustris clade in western North America is represented in our analysis by specimens sampled from a range of greater than 23u in latitude. The Cytb genealogy is characterized by an unresolved relationship among the many subgroups and lineages. Based on the distribution of Pleistocene fossil records, we hypothesized that these mitochondrial lineages moved north and west out of refugia following glacial recession. Water shrew phylogroups from the mountainous region of the Pacific Northwest were separated from a basal polytomy. We identified 3 distinct patterns that reflect the association between montane regions and phylogeographic trends. First, we revealed instances of distinct clades that are uniquely associated with discrete montane regions. Second, we found clades that are distributed across several regions. Finally, we found distinct clades that co-occur in the same region within the Pacific Northwest.
Across North America the S. palustris species complex is divided into mutually exclusive phylogroups, and O' Neill et al. (2005) suggest that they represent 2 distinct species and refer to them as S. palustris, the boreal eastern clade, and S. navigator, the western clade. Geographic and molecular division of the continentwide water shrew group is consistent with that of other boreal species such as Glaucomys sabrinus, Martes americana, and Ursus americanus (Arbogast 1999a; Demboski et al. 1999 ; Stone and Cook 2000; Wooding and Ward 1997), and among species within Tamiasciurus and FIG. 3. -Phylogeny of Sorex palustris across western North America, inferred by Bayesian analysis of 1,140 base pairs of the mitochondrial cytochrome-b locus and based on 87 specimens, consisting of 16 GenBank sequences from previously published studies and 71 sequences from the present study (Appendix I; localities A-P are shown on branch tips and correspond to Fig. 1) . The numbers next to the nodes are Bayesian posterior probabilities (0.80) followed by maximum-likelihood bootstrap support (75%). Tree is rooted with sequences of Sorex vagrans (AF154551) and S. ornatus (AF238035).
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Myodes (Arbogast 1999b; Arbogast and Kenagy 2001) . For these mammalian species the response to common ecological and environmental conditions during glacial cycles of the Pleistocene produced similar genealogical patterns. Pleistocene glacial events profoundly influenced the historical distribution of populations and the diversity of species (Hewitt 1996; Holderegger and Thiel-Egenter 2009) . Following glacial recession biotic communities changed in composition and moved into new geographic regions. Many of the Pleistocene fossil sites occur in areas further south and at lower altitudes than the contemporary distribution ), which we interpret as an indication of historical range shift since the Pleistocene. Microevolutionary forces act on populations across geographic landscapes to shape the genetic structure of spatially separated populations (Manel et al. 2003; Storfer et al. 2007; Wright 1931) . Our examination of mitochondrial lineages depicts a complex pattern of population history and evolutionary forces acting on S. palustris in montane regions of the Pacific Northwest. Similar multifarious genetic patterns have been observed in a variety of plant and animal taxa across the Pacific Northwest (Miller et al. 2006; Soltis et al. 1997) . (Fig. 2) . The gene tree was inferred by Bayesian analysis of a concatenated mitochondrial DNA data set of 366 base pairs of the control region and 1,140 of cytochrome b for 61 individual specimens listed in Appendix I. Bayesian (0.80), followed by bootstrap (75%), indices appear next to the supported nodes. Numbers at branch tips represent Burke Museum (UWBM) specimen numbers (Appendix I) followed by locality number (Fig. 2) . A-F on clades bracketed to the right identify the geographic regions associated with each clade (Fig. 2) . Tree is rooted with Sorex vagrans (AF154551) and S. ornatus (AF238035).
Evolutionary processes associated with isolation are often enhanced on islands (MacArthur and Wilson 1967) , and this island concept has been extended to the analysis of isolated mountaintops (Brown 1971) . At times mountaintops have served as habitat refugia, which limited dispersal potential of species specialized for high-elevation habitats (Brown 1971; Waltari and Guralnick 2009) . The dual influence of range shifts and association with high-elevation habitat on the genetic signature of populations has been the subject of other recent studies (Knowles 2001; Waltari and Guralnick 2009 ). Our hypothesis of genetic structure correlated with distinct montane regions was not completely supported but cannot be entirely rejected. We revealed instances of distinct clades uniquely associated with the Olympic (region A), Blue (region E), and Steens (region F) mountains. However, lineages associated with the Cascade Mountains in Washington and Oregon were not monophyletic. Based on the star-like shape of the basal phylogenetic relationships and relatively low diversity indices, we suggest a rapid and recent radiation of populations of S. palustris across the western portion of the species range. However, we found support for range expansion for only 3 populations. Low genetic variation in the Pacific Northwest has been attributed to range expansion following glacial recession (Edmands 2001; Ridenhour et al. 2007) .
Colonization patterns of water shrews across the mountains of the Pacific Northwest remain elusive. Our hypothesis would indicate that ancestral populations should occur in the southeastern portions of the Pacific Northwest. However, because of the ambiguous relationships revealed in the genealogy, this hypothesis could not be fully addressed. However, we suggest that the Cascades were colonized by way of the mountainous region of northeastern Washington, a pattern that is similar to the northern inland dispersal route proposed by Brunsfeld et al. (2001) . We contend that after colonizing the Washington Cascades these lineages moved southward into the Oregon Cascades, as evidenced by the nested nature of lineages within this clade. The separate occupation of the Cascades directly from the Blue Mountains (region E) or along a northern route from northeastern Washington would explain the paraphyletic relationship of populations in the Cascades of Washington and Oregon. A similar pattern was found with Pacific Northwest alpine grasshoppers, which lack monophyletic structure in isolated mountains. The grasshopper populations diverged in allopatric Pleistocene refugia and subsequently immigrated into the same ''sky island'' (Knowles 2001; Knowles and Richards 2005) . The historical dynamics of populations of S. palustris have developed across a broad geographical scale, resulting in successful dispersal and colonization across the entire North American continent O'Neill et al. 2005) . Fossil records of S. palustris from south of the current range demonstrate historic changes of geographic range in response to Pleistocene habitat shifts and serve as indicators of past refugia. Our analysis illustrates the impact of landscape and Pleistocene geoclimatic cycles on the regional diversification and interrelationship of populations. We conclude that the divergence among water shrew mitochondrial lineages is associated more strongly with historical shift of habitat than with current regional isolation. We provide evidence that populations of S. palustris experienced a westward shift in range following Pleistocene environmental events. Finally, we reveal patterns of genetic structure in the Pacific Northwest that have apparently resulted from the complex processes of dispersion of lineages across this region.
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